Abstract. Tank-cleaning oil sludge containing about 68.59 % saturated hydrocarbon and 14.93 % aromatic hydrocarbon was degraded by P. aeruginosa NY3 in this study. The results showed that, the degradation of oil sludge by P. aeruginosa NY3 was preferred under aerobic conditions, and sufficient dissolved oxygen could greatly enhance the degradation efficiency of oil sludge. Under conditions that 10% oil sludge (equivalent to 25g/l oil) were added in biodegradation medium, and supplemented with proper concentration of RL, pyruvic acid or Mg 2+ , the degradation and transformation efficiency of oil sludge could be greatly accelerated. Under optimal conditions, the degradation rate of hydrocarbons in oil sludge could reach above 90% within 7days. The results of the present study showed the excellent ability of P. aeruginosa NY3 in degrading oils contained in tank-cleaning oily sludge under optimal conditions.
Introduction
Oily sludge, generated from the oil industry during oil exploration, production, transportation, storage, and refining processes, contains various amounts of hydrocarbons, water and suspended solids [1] [2] [3] . Oily sludge is a recalcitrant residue because of an emulsion of water, oil, fats, solids, organic compounds and metals. Many components of the oil sludge produced from petrochemical enterprise have been listed as priority pollutants by the United States Environmental Protection Agency as their potential toxicity, mutagenic and carcinogenic towards all ecology system [4] . According to the reports, the annual production of oily sludge from petrochemical industry in China is estimated to be 3 million tons [5] . And the total oily sludge yield is still increasing as a result of the ascending demand on refined petroleum products worldwide [6] . Confronting the environmental problems arose from the high production of such toxic oil sludge; the effective treatment method for oil sludge is urgently needed.
In the early stage of petrochemical enterprises development, it was common to dump the small amount of produced oil sludge into large sedimentation ponds or barren lands, where they have been settling for decades. But the way of such disposal presented a danger to the environment. So, the treating methods of physical chemistry (chlorination, and ozonation and wet air oxidation), physics ( thermal combustion and incineration) and biology (land farming, composting, and soil/slurry treatment), have been studied and applied in oil sludge treatment [7] . Biodegradation/biotreatment is a nature compatible method character as effective, cheap, and easy to adopt in comparison to physicochemical and thermal methods [8] . However, there are also some limitations, such as deficiency of nutrients (except carbon) and poor bioavailability of hydrocarbons, which hindered the effectiveness of biodegradation of the oil sludge. The purpose of this study was to develop an effective and environmentally friendly method for purifying the hydrocarbons and other toxic organic compounds in tank-cleaning oil sludge by strain Pseudomonas aeruginosa NY3. Strain NY3 has been proved to be high-oil-tolerance bacteria which could remove 80% of all kinds of hydrocarbons of the petroleum within 240h when the amount of petroleum in the degradation systems reached to 20% [9] . In order to
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Materials and Methods
Chemicals. Crude oil sludge, containing 68.59% saturated hydrocarbon, 14.93% aromatic hydrocarbon, 1.56 % sulphaltene and 13.76% non-hydrocarbon, was kindly supplied by PetroChina Changqing Oilfield Company (Shaanxi, China). Unless otherwise stated, the organic solvents, media, salts and acids were purchased from various sources (Sigma, VWR and Fisher in USA or China).
Microorganism and medium. Pseudomonas aeruginosa NY3 (accession number: GU377209) used in this study was isolated and identified as previously reported [10] .
The mineral salt medium І (MSM І) consisted of (per liter): Preparation of bacteria suspensions. To achieve enough amounts of cells, P. aeruginosa NY3 from a slant was inoculated into a 250ml flask containing 100ml autoclaved sterilization preculture medium, which contained per liter distilled water, 3.0g beef extract, 10.0g peptone and 5.0g NaCl, while the pH was adjusted to 7.2-7.4 before autoclaving at 121°C for 30min, and cultured until the absorption around 550nm was 1.65 ± 0.08. Subsequently, inocula from beef extract peptone were transferred to 100ml of freshly prepared minimal salts medium (MSM І) supplemented with 5ml celery seed oil as the sole carbon and energy source. All growth experiments were cultured at 30°C on a rotary shaker at 160rpm for 72h, and then adjust the absorption around 600nm (OD600nm) of the culture to 1.57±0.05 for use.
Biodegradation of oily sludge. Biodegradation experiments were performed in 50ml Erlenmeyer flasks containing 10ml MSM ІІ and 50% inoculum size of strain NY3, supplemented with 2g crude oil sludge as the sole carbon and energy source. To study the influence factors, oxygen concentration, rhamnolipids (RL), and other accessory factors were taken into account. The culture was incubated in the flasks on a rotary shaker (30ºC and 160rpm) for a certain time and then poured into a separating funnel. The flasks were washed with 10ml petroleum ether (boiling range: 30~60ºC). Shaking the separating funnels thoroughly, and then separated the organic phase. Repeated this procedure of extraction for two times and then collect the organic phase to centrifuge tube and centrifuged at 8000rpm and 4ºC for 5min. The upper organic phase was collected into a weighing bottle which was previously weighed and air dried to constant weight. The degradation rate was calculated as the following equation (1):
Degradation rate= (A-B)/(A)×100 (1) A: Initial weight of oil sludge B: Final weight of oil sludge Gas chromatography analyses. The n-alkanes fraction was analyzed by gas chromatography (GC) using a FID detector (Agilent Technologies 6890N). The column was a HP-5 capillary column (5% phenyl Methyl Siloxane, 30mm×320µm×0.25µm) with nitrogen as a carrier gas. The column temperature was held at 50°C for 7min, raised from 50°C to 100°C with 20°C min −1 increment and then increased from 100°C to 290ºC with 5ºC min -1 increment. The injector and transfer line temperature were 300°C. Individual components present in the n-alkanes fraction were determined by matching the retention time with authentic standards.
Results and Discussion
Influences of oxygen content on the degradation efficiency of oil sludge. Culture medium containing 10% oil sludge (equivalent to 25g/l oil) was treated by P. aeruginosa NY3 under different concentrations of dissolved oxygen, the degradation rate of oil contained in oil sludge at different incubation time was presented in Fig. 1 . Oil removal rates were time-dependent and also closely related to amount of dissolved oxygen (DO) in cultures. Under condition of 5.2mg/l DO, the NY3 strain showed high capacity of oil metabolization, and about 30%~40% removing rate of oil higher than that under the condition of the lower amount of DO (2.4mg/l). With 5.2mg/l dissolved oxygen, the oil removal rate by strain NY3 within 96h incubation exceeded 80% which was much higher than other bacteria reported previously [11] . Fig. 1 The influence of oxygen on the degradation rate of oily sludge. Data are expressed as mean value and standard deviation of independent triplicates. Influences of RL concentrations on oil sludge degradation. By addition of RL ranged from 0mg/l to 205mg/l (see 2.4) into degradation liquids, the oil removing results by strain NY3 within 168h were showed in Fig. 2 . Obviously, about 40mg/l RL could augment the degradation rate of the total oil. And increase the amount of RL could not result in higher oil removal rate. Under the condition of 40mg/l RL, the degradation rates of all kinds of n-alkanes in the oil sludge were shown in Fig. 3 . Comparing to the condition without RL, the degradation rates of all kinds of n-alkanes, especially C34, were higher than that under the condition without RL. These experiments showed that the proper concentration of RL could enhance the degradation of oil sludge. Some reports explained that RL was functioned as a bio-surfactants in the degradation system, but others thought that RL may change the surface of cells which lead to the variation of oil metabolization [12] [13] . Anyhow, the results presented here proved that RL could accelerate the degradation of oil sludge by P. aeruginosa NY3 which was consistent with previous reports. Fig. 2 Influences of RL concentration on oil degradation rate. Data are expressed as mean value and standard deviation of independent triplicates. Fig. 3 Degradation rates of n-alkanes after cultured for 24h: n-alkanes were presented by the number of carbon contained, for example, undecane in the Fig. 3 was expressed as C11, and so on. Data are expressed as mean value and standard deviation of independent triplicates.
Influences of pyruvic acid on the efficiency of oil sludge degradation. The influence of pyruvic acid on oil sludge degradation was carried out by adding various amounts of pyruvic acid ranged from 0mg/l to 30mg/l (see 2.4) into degradation liquids, the degradation rate of oil within 168h by strain NY3 was presented in Fig. 4 . It could be seen that the removing rate of the oil was increased from 74% to 95% by 6mg/l pyruvic acid. More amount of pyruvic acid could not result in higher oil removal rate. The experimental phenomenon was easily and frequently observed in the laboratory which could show the promoting effects of the added pyruvic acid in the biodegradation medium (Fig. 5) . Under the same cultural conditions, the biodegradation medium with a certain amount of pyruvic acid after degrading for 168h became sticky and turned to brownish red. And obviously, the original added oil sludge was disappeared and there were large amount of biomass, especially biopolymers, produced in the cultural medium by strain NY3 (Fig. 5 c) . 
Influence of Mg
2+ on oil sludge degradation. The influence of Mg 2+ on oil sludge degradation was carried out by adding different amounts of Mg 2+ ranged from 0.02mg/ml to 0.12mg/ml (see 2.4). For controls, there was no extra MgSO 4 •7H 2 O added in MSM І and MSM ІІ. The results proved that total oil degradation rate within 168h was much higher with 0.06mg/ml Mg 2+ in the medium (Fig.6 ). The results of oil residue in medium under existence of 0.06mg/ml Mg 2+ analysed by GC have been showed in Fig.7 . Comparing to the blank control, almost all the n-alkanes in oil sludge have been removed except for polycyclic aromatic compounds-phenanthrene and pyrene in which the removal rates were about 23%. According to the report of N. Grossowicz et al., the production of pyocyanine by p. aeruginosa was promoted by the additional Mg 2+ , which in turn may increase the degradation rate of alkanes [14] . Fig. 6 Influence of the concentration of Mg2+ on oil degradation efficiency. Strain NY3 suspensions was inoculated in MSM ІІ supplemented with 10% oily sludge and certain amount of Mg2+, cultured for 168h at 30 °C, and the inoculums size was 50%. Data are expressed as mean value and standard deviation of independent triplicates. Fig. 7 GC spectrums of the compounds in oil sludge after cultured for 168h at 30 °C. a: blank control (10ml strain NY3 cells from the MSM І seed liquid was inoculated into 10ml MSM ІІ supplemented with 10% of oil sludge); b: degradation medium which contained the same blank control medium supplemented with 0.06mg/ml Mg2+。
Conclusions.
Here in our experiment with the tank-cleaning oil sludge from Petrochemical Enterprise containing about 68.59% saturated hydrocarbon and 14.93% aromatic hydrocarbon. Nearly all of the hydrocarbons could be removed and transformed within 168h by P. aeruginosa NY3. Sufficient dissolved oxygen could greatly enhance the degradation efficiency of oil sludge. Under the existence of as high as 10% oil sludge (equivalent to 25g/l oil), with trace amount of other factors, such as RL, pyruvic acid and Mg
2+
, oil degradation and transformation rate could also greatly augment. The results of the present study showed excellent ability of P. aeruginosa NY3 in degrading tank-cleaning oily sludge under optimal conditions.
